Abstract Mineral inclusions in pyrope crystals from Garnet Ridge in the Navajo Volcanic Field on the Colorado Plateau are investigated in this study with emphasis on the oxide minerals. Each pyrope crystal is roughly uniform in composition except for diusion halos surrounding some inclusions. The pyrope crystals have near constant Ca:Fe:Mg ratios, 0.3 to 5.7 wt% Cr 2 O 3, and 20 to 220 ppm H 2 O. Thermobarometric calculations show that pyrope crystals with dierent Cr contents formed at dierent depths ranging from 50 km (where T » 600°C and P 15 kbar) to 95 km (where T » 800°C and P 30 kbar) along the local geotherm. In addition to previously reported inclusions of rutile, spinel and ilmenite, we discovered crichtonite series minerals (AM 21 O 38 , where A Sr, Ca, Ba and LREE, and M mainly includes Ti, Cr, Fe and Zr), srilankite (ZrTi 2 O 6 ), and a new oxide mineral, carmichaelite (MO 2Ax (OH) x , where M Ti, Cr, Fe, Al and Mg). Relatively large rutile inclusions contain a signi®cant Nb (up to 2.7 wt% Nb 2 O 5 ), Cr (up to $6 wt% Cr 2 O 3 ), and OH (up to $0.9 wt% H 2 O). The Cr and OH contents of rutile inclusions are positively related to those of pyrope hosts, respectively. Needle-and blade-like oxide inclusions are commonly preferentially oriented. Composite inclusions consisting mainly of carbonate, amphibole, phlogopite, chlorapatite, spinel and rutile are interpreted to have crystallized from trapped¯uid/melt. These minerals in composite inclusions commonly occur at the boundaries between garnet host and large silicate inclusions of peridotitic origin, such as olivine, enstatite and diopside. The Ti-rich oxide minerals may constitute a potential repository for high ®eld strength elements (HFSE), large ion lithophile elements and light rare earth elements (LREE) in the upper mantle. The composite and exotic oxide inclusions strongly suggest an episode of metasomatism in the depleted upper mantle beneath the Colorado Plateau, contemporaneous with the formation of pyrope crystals. Our observations show that mantle metasomatism may deplete HFSE in metasomatic¯uids/melts. Such¯uids/melts may subsequently contribute substantial trace elements to island arc basalts, providing a possible mechanism for HFSE depletion in these rocks.
Introduction
The eruption of Colorado Plateau ultrama®c diatremes 25±32 Ma ago (Watson 1967) in the Navajo Volcanic Field brought up materials from the upper mantle as xenoliths and xenocrysts. The abundant discrete pyrope crystals with red or purple color are one of such materials and may represent the deepest mantle sampled by these diatremes. Hence, a thorough understanding of these garnets is essential to the study of the composition and the evolution of the upper mantle beneath the Colorado Plateau, as well as the genesis of these diatremes.
There has been much eort to characterize the pyrope crystals, their associated mineral inclusions, and mantle xenoliths from these diatremes (O'Hara and Mercy 1966; Silver 1970, 1972; McGetchin and Besancon 1973; Helmstaedt and Doig 1975; Mercier 1976; Smith and Levy 1976; Hunter and Smith 1981; Roden 1981; Smith 1979 Smith , 1987 Smith , 1995 Roden et al. 1990; Grin and Ryan 1995) . However, the origin of the pyrope crystals remains controversial. Three hypotheses regarding the genesis of garnets have been proposed. The ®rst is that they were disaggregated from lithospheric garnet peridotite Smith and Levy 1976; Smith 1979 ). The second is that they were derived from a subducted Franciscan oceanic slab, termed``meta-ophiolite'' and emplaced in Cenozoic time (Helmstaedt and Doig 1975; Mercier 1976; Helmstaedt and Schulze 1979) . Thirdly, Hunter and Smith (1981) proposed that the pyrope crystals formed from metamorphosed hydrated oceanic lithosphere, subducted in Precambrian time. Smith (1987) reported composite inclusions, which may represent crystallized trapped melt droplets. Previous studies have been concentrated on the pyrope hosts and silicate and carbonate inclusions. In this paper we report the results of a comprehensive study of minerals included in pyrope crystals with emphasis on the oxide inclusions, which may have very important implications for the mantle processes, but have received minimal study.
Sample preparation and analytical procedures
The pyrope crystals investigated in this work are from Garnet Ridge, Arizona, one of seven known localities of ultrama®c diatreme on the Colorado Plateau. They were collected from surface concentrates, and most are 5±10 mm in diameter with red or purple color. The pyrope crystals were ®rst polished to obtain two parallel surfaces and then examined using an optical microscope. All mineral inclusions but one (Di-3 in GRPy-8) are completely enclosed in pyrope, and in no case are they associated with cracks extending to the edge of the host. The crystals were polished to bring individual inclusions to the surface. These wafers were then examined using back-scattered electron imaging (BSE) and X-ray energy dispersive analytical system (EDS) on a Hitachi S-570 scanning electron microscope (SEM).
Analyses of pyrope crystals and inclusions were carried out on a four-spectrometer Cameca Camebax electron microprobe (EMP) using an acceleration voltage of 15 kV and a focused beam with a current of 10 nA. Counting times of 30 s or total counts of 40,000 were used for all major elements in standards and unknowns. The analytical data were corrected using the Cameca PAP program. Analyses of V for oxide inclusions were corrected for the Ti u b contribution to the V u a peak using synthetic standards of TiO 2 and MgTiO 3 , with the LIF spectrometer crystal. The V concentration of an unknown sample was obtained by subtracting 0.0035*Ti wt% from the V content of unknowns.
Several mineral inclusions were extracted from host and examined using X-ray diraction techniques for the positive identi®cation (Gando® camera), or to characterize a new mineral (single-crystal X-ray study).
Paragenesis and composition

Pyrope hosts and overall textures of inclusions
The divalent cations in pyrope from Garnet Ridge are relatively uniform and are similar to those previously reported with Ca:Fe:Mg » 13:16:71 (Table 1 ; Smith and Levy 1976; Hunter and Smith 1981) . The Cr 2 O 3 concentration varies from $0.3 to $5.7 wt%, with Cr# 100*Cr/(Cr+Al) ranging from 0.8 to 16, and the TiO 2 contents are less than 0.2 wt%. These garnets are more pyropic than garnet in spinel lherzolite from the Green Knob diatremes (Ca:Fe:Mg 13:26:62, Smith and Levy 1976) , and similar to those from garnet lherzolite in the Thumb minette (Ehrenberg 1979) . The concentration of hydrous component (OH) in some pyrope hosts has been determined by infrared (IR) spectroscopy following the procedure of Wang et al. (1996) , using the calibration of Bell et al. (1995) . It ranges from 20 to 220 ppm H 2 O (Table 1) , and is consistent with the results of Bell (1993) .
Many mineral inclusions have been identi®ed in pyrope crystals from the Four Corners area McGetchin and Besancon 1973; Smith and Levy 1976; Hunter and Smith 1981; Smith 1987) . These include oxides, silicates, carbonates, sul®des, sulfates and phosphates (Table 2 ). In addition to previously recognized inclusions, we discovered a new mineral (carmichaelite), crichtonite series minerals, srilankite, siderite and barite.
The inclusions can be classi®ed according to textures as follows ( Fig. 1): I. Ellipsoidal or round monomineralic inclusions, including large olivine, diopside, enstatite or spinel grains that are usually surrounded by a radiating array of fractures or a birefringent halo (except for spinel) (Fig. 1a) . Some of these inclusions are partially replaced by mineral assemblages that may have resulted from mineral-¯uid/melt interaction prior to trapping in the pyrope hosts (Fig. 1b, c ). II. Needle-, rod-or blade-like oxide inclusions that are commonly oriented parallel to certain crystallographic directions of the pyrope host, including rutile, minerals of crichtonite series, ilmenite, srilankite and carmichaelite (Fig. 1d; and later Figs. 3, 4) . Olivine, magnesite and dolomite may also adopt this mode of texture (Fig. 1e) . Rarely Ti-clinohumite and Ti-chondrodite were found replacing needle or tabular olivine (Fig. 1f ). Commonly these inclusions are coexisting and in alignment. III. Composite inclusions containing carbonate and hydrous minerals, which are probably solidi®ed¯uid/ melt inclusions (Fig. 1g) . These inclusions are randomly distributed in the pyrope hosts. They are generally round, but may have a negative pyrope crystal habit (i.e., cubic or octahedron), a characteristic of primary¯uid/melt inclusions. These inclusions mainly consist of carbonate, amphibole, phlogopite, kinoshitalite, chlorapatite, spinel, sul®des and less commonly rutile. They may be surrounded by rutile-carbonate clusters. IV. The same minerals as those in the composite inclusions, which occur at the boundary between large inclusions of olivine, diopside or enstatite and their pyrope hosts (Fig. 1h ). V. Inclusions associated with complex compositional zonation in pyrope, including amphibole, chromite, chromian diopside (Fig. 6c, d ), and rarely chlorite and barite.
Inclusions of olivine, diopside and enstatite
All three minerals are present as texture-I inclusions in each of two pyrope crystals (GRPy-8 and GRPy-15).
The compositions of representative inclusions from these two samples are presented in Table 3 , along with size estimates of each inclusion. All data are averages of two or more analyses from the central parts of each inclusion. Five olivine inclusions were analyzed in sample GRPy-15. The composition of each crystal is roughly uniform but the Mg# of olivine decreases with increasing size (Fig. 2a) . Pro®le analyses were carried out for the pyrope host near two olivine inclusions (Ol-1 and Ol-2 in GRPy-15, Fig. 2b ), and are used to infer the original olivine compositions. Inclusions of olivine, diopside and enstatite (texture I) in many other pyrope crystals have also been analyzed. The results are consistent with previous studies Hunter and Smith 1981; Smith and Wilson 1985; Smith and Barron 1991) . These include: (1) all three minerals are Mg-rich (Mg# ³ 93); (2) clinopyroxene has a Ca/(Mg+Ca+Fe) ratio ranging from 0.47 to 0.50, and orthopyroxene is relatively low in Al 2 O 3 (<1.6 wt%); (3) inclusions and pyrope hosts are generally zoned near mutual contacts (i.e., Fig. 2b ) except for olivine; (4) the Mg# of olivine inclusions in the same pyrope host depends on the size of inclusion (i.e., Fig. 2a ).
Ti-clinohumite and Ti-chondrodite Ti-clinohumite and Ti-chondrodite are yellowish brown in garnet in transmitted light. They coexist with rutile, olivine (Fig. 1b, f) or enstatite, and are commonly complexly intergrown. Figure 1b shows clearly a reaction texture among coexisting mineral inclusions, including olivine, rutile, Ti-clinohumite and Ti-chondrodite. The compositions of the two minerals (Table 4) are very similar to those from Moses Rock and Buell Park (Aoki et al. 1976 ). The Garnet Ridge humites are almost F-free.
Crichtonite series
Minerals of crichtonite series have the general formula AM 21 O 38 , where A is a large radius cation (Sr, Pb, REE, U, Ca, Na, K, Ba) occupying one of 39 anion sites (12-coordinated), and M are smaller cations (Ti, Fe, Cr, Al, Zr, Mg) occupying 19 octahedral and two tetrahedral interstices between stacked anion layers. Minerals in the series are named according to the dominant A-site cation: Sr, crichtonite; Ca, loveringite; Na, landauite; Pb, senaite; REE, davidite; Ba, lindsleyite; and K, mathiasite (Rouse and Peacor 1968; Grey et al. 1976; Gatehouse et al. 1978; Haggerty et al. 1983 ). Although they typically occur as accessory minerals in ma®c and alkalic rocks (Grey et al. 1976; Campbell and Kelly 1978; Gatehouse et al. 1978; Lorand et al. 1987) , members of this series originating from the upper mantle have been reported in metasomatized mantle xenoliths or heavy mineral concentrates from kimberlites (Haggerty 1975 , Table 1 Representative analyses of pyrope Sample GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPy-GRPyn o . 1983, 1991a; Erlank and Rickard 1977; Jones et al. 1982; Zhou et al. 1984; Haggerty et al. 1986 ). Crichtonite series minerals from the mantle association are predominantly lindsleyite and mathiasite (LIMA), which contain signi®cant Sr, Ca, Na and REE in the A-site (Jones et al. 1982; Haggerty 1991a) . Possible crichtonite inclusions in garnet from kimberlite and lamprophyre have been reported (Varlamov et al. 1996) , but the compositions do not allow conclusive identi®cation. In contrast to previous studies which have not identi®ed crichtonite series minerals as inclusions in pyrope crystals from Garnet Ridge, we found that they are abundant. They were identi®ed by microprobe analysis and re¯ectivity (rutile > crichtonite > srilankite » carmichaelite > ilmenite > spinel). An X-ray study Table 2 : a En (GRPy-30, texture I); notice the round shape and the radiating fractures; b Ol (GRPy-1, texture I) replaced by TiChu + TiChn; c En (GRPy-8, texture I) replaced by Amp + Phl + Dol + Di; d Rt (GRPy-26, texture II); e Ol-Rt (GRPy-9, texture II); f Rt-TiChu (GRPy-1, texture II); g composite inclusion: Amp + Dol + Mgs + ClAp + Spl (GRPy-6, texture III); h irregular Mgs, Spl and Rt at the contact between Ol and pyrope host (GRPy-18, texture IV) using Gando® camera on a separated inclusion (50´50´30 lm 3 ) yielded a diraction pattern matched by that of crichtonite. They commonly occur as preferentially oriented needle or tabular grains, and may contact rutile, ilmenite and srilankite (Fig. 3a±d) .
The compositions of crichtonite series minerals are uniform in a single garnet host, but variable among dierent garnet crystals (Table 5 ). The A-site cations are mainly Sr, Ca, Ba, La and Ce. Determination of other rare earth elements (REE) has been attempted, but their concentration is generally below the microprobe detection limit ($0.2 wt%). The M-site cations mainly include Ti, Cr and Fe, and signi®cant Zr, Al and Mg. Crichtonite series minerals are variable in TiO 2 (ranging from $53 to $69 wt%) and Cr 2 O 3 (ranging from $1.2 to $21 wt%). The TiO 2 and Cr 2 O 3 contents are roughly negatively correlated, with a sum of 71.0 2.4 wt%. The Cr 2 O 3 content of crichtonite is positively related to that of its garnet host. The distribution coecient (K D ) of Cr/Al between crichtonite and its pyrope host is calculated to be 49 14 (1r uncertainty). These crichtonite series inclusions are enriched in ZrO 2 with a Ti/Zr ratio of 13.7 3.8, a value much smaller than that of primitive mantle (115; McDonough and Sun 1995). The average Hf/Zr ratio is 0.036 0.013, not much greater than the primitive mantle value (0.027; McDonough and Sun 1995) .
Compared with crichtonite series minerals from metasomatic mantle associations (Erlank and Rickard 1977; Jones et al. 1982; Haggerty et al. 1983; Haggerty 1983 Haggerty , 1987 Haggerty , 1991a , the minerals from Garnet Ridge dier in terms of the A-site cation compositions. Furthermore, two crichtonite grains in sample GRPy-43 record the highest Cr 2 O 3 concentration ($21 wt%) ever reported, and those from GRPy-34 have a higher TiO 2 concentration than other reported crichtonite series minerals from the mantle. (Fig. 4a±d) . This is the third known occurrence of srilankite. Willgallis et al. (1983) discovered this mineral in pebbles in the Rakwana region, Sri Lanka. In a second occurrence from the Yagodka lamprophyre pipe in the Tobuk-Khatystyr ®eld, srilankite was found as inclusions in pyrope±almandine garnets (Kostrovitskiy et al. 1993) . In common with previous occurrences, srilankite from Garnet Ridge is transparent and with blue internal re¯ections in transmitted light under crossed polars. In re¯ected light, it is gray-to-white and anisotropic. Its re¯ectivity is higher than spinel, but less than rutile. The compositions are quite uniform for dierent srilankite grains from dierent pyrope hosts (Table 6 ). These data are similar to the ®rst occurrence of srilankite (Willgallis et al. 1983 ), but dier from the composition of the srilankite from Yagodka (Kostrovitskiy et al. 1993) , which varies signi®cantly in Ti, Zr and Fe among dierent grains. The average Hf/Zr ratio for Garnet Ridge srilankite is 0.012 0.003, also similar to the ®rst occurrence, but much lower than that of primitive mantle (0.027; McDonough and Sun 1995). The elemental exchange coecient of Hf/Zr between coexisting crichtonite series minerals and srilankite has been calculated to be 3.1 1.3. Hence, at least one of the minerals could cause fractionation of Hf/Zr ratio in the mantle.
Rutile
Needle, blade and rod-like rutile is the most common inclusion in these pyrope crystals. Needle-like rutile is usually regularly spaced and preferentially oriented in garnet parallel to [1 1 1]. They are no more than several micrometers in thickness, but may be several millimeters in length (Fig. 1d) . Blade or rod-like rutile is also preferentially oriented in most cases, but is sometimes randomly distributed. In addition to occurring as single crystals, rutile may also coexist with other oxide minerals, carbonates and needle/rod olivine. Some occur at the boundaries between garnet and other silicate inclusions. Table 7 shows that TiO 2 ranges from 91 to 97 wt%, with Cr 2 O 3 contents from 0.4 to 6 wt%, roughly increasing with the Cr 2 O 3 concentration of the pyrope host (Fig. 5a ). The rutile inclusions are enriched in Nb as most grains have a Ti/Nb ratio much lower than that of primitive mantle (1831: McDonough and Sun 1995). Compared to those from South Africa kimberlite (e.g., Haggerty 1983 Haggerty , 1991a Schulze 1990; Mitchell 1991) , most Garnet Ridge rutiles have lower Cr and Nb contents. The rutile inclusions also contain a signi®cant amount of a hydrous component in the form of OH. The calculated concentrations of OH from microprobe analyses range from $0.2 to $0.9 wt% H 2 O (Table 7) . The OH content of rutile in sample GRPy-39 has been con®rmed by IR measurement. The IR data gave $0.8 wt% H 2 O using the calibration of Hammer and Beran (1991) , consistent with the calculated value (0.88 wt% H 2 O). Previous studies have shown a good correlation between calculated and measured OH concentrations in rutile (e.g., Hammer and Beran 1991; Vlassopoulos et al. 1993) . The OH content of the rutiles is positively related to that of their pyrope hosts (Fig. 5b) , implying some kind of equilibrium partitioning, although the equilibrium reaction is not clear.
Spinel
Monomineralic spinel inclusions (texture I) are rare, with one grain being identi®ed in sample GRPy-21 (Fig. 6a ) and one in sample GRPy-8. These two spinel inclusions are believed to have the same peridotitic origin as olivine, enstatite and diopside inclusions (texture I). Their Cr#s are $30 to $40 (Table 8) . Needle or tabular spinel coexists only with chromian rutile (sample GRPy-39; texture II; Fig. 6b ). They appear to be intergrown, and spinel has much higher Cr# and Ti concentration (Table 8 ). The third type of spinel occurs as euhedral-to-subhedral grains in composite inclusions (texture III; Fig. 1g ; Smith 1987) . The Cr# of these spinel grains ranges from less than 10 (sample GRPy-6) to $30 (sample GRPy-16, Table 8 ). The fourth and commonest spinel occurs as small irregular-shaped grains at the boundary between large olivine inclusions and the pyrope host, and is commonly associated with rutile, ilmenite and carbonate (texture IV; Fig. 1h ). These spinel grains are aluminous with low and variable Cr# (<20) (sample GRPy-15, Table 8 ). The presence of rutile and carbonate together with spinel and the absence of enstatite in this association make it unlikely that they are products of retrograde subsolidus reaction between olivine and garnet host. Finally, irregular chromites were found as inclusions in two garnet crystals (GRPy-7 and GRPy-37; texture V; Fig. 6c ). They coexist with chromian diopside and amphibole. Chlorite and barite were identi®ed adjacent to this assemblage in sample GRPy-37. The BSE images and chemical analyses show that in both garnets there is complex compositional zonation surrounding chromite and associated inclusions (Fig. 6d) . 
Ilmenite
Ilmenite is present as single inclusions, and it may coexist with rutile, srilankite, loveringite, spinel, and silicates (such as enstatite) (Figs. 3a, 4a, b) . Ilmenite is commonly intergrown with rutile. The ilmenite grains are calculated to have 50±60 mol% geikielite and 2±4 mol% hematite (Table 9 ). They also contain 0.1±1.4 mol% eskolaite, which is related to the Cr concentration of the pyrope host (Fig. 5a ). Compared to those from South Africa kimberlite (e.g., Haggerty 1983; Schulze 1990), Garnet Ridge ilmenite has a lower Cr content.
Carmichaelite
Carmichaelite is a new mineral (approved by CNMMN-IMA) that was discovered as inclusions in these pyrope crystals, with a formula of MO 2Ax (OH) x , where M mainly includes Ti, Cr, Al and Mg (Wang et al. 1998 
Discussion
Thermobarometry
There have been previous attempts to construct pressure-temperature history for the pyrope crystals and associated inclusions brought up by the diatremes on the Colorado Plateau Smith and Levy 1976; Hunter and Smith 1981; Smith 1987; Grin and Ryan 1995) . The compositions of pyrope host and various inclusions were used in previous studies. However, due to dierential compressibilities and thermal expansivities, the pressure in an inclusion may not be the same as the host pressure (lithostatic pressure). The pressure in dierent inclusions in a single host may also be dierent if the temperature on the assemblages or the pressure on the host varied owing to motion in the mantle (e.g., Gillet et al. 1984; Zhang 1998 ). Thus estimation of P and T could be complicated if the physical conditions have changed after the formation of host-inclusion assemblage.
A straightforward method to estimate the formation pressure for the pyrope crystals is the use of Cr content in garnet coexisting with olivine. As more than 60% of pyrope crystals examined contain olivine inclusions, it is almost certain that pyrope formed in the presence of olivine. Compositional exchange with inclusions is not expected to aect the bulk composition of the pyrope host because the volume of the host is much larger than that of the inclusions. Assuming pyrope composition has not changed after formation, the minimum formation pressure can be estimated using the equilibrium: Opx + Sp Ol + Gt (Webb and Wood 1986) . The formation pressure of pyrope equilibrated with olivine is a strong function of its Cr content and only weakly depends on temperature and Mg#. Assuming a formation temperature of 600±900°C, the minimum formation pressure ranges from $15 kbar for pyrope with Cr# of 0.8 to $30 kbar for pyrope with Cr# of 16.
Because phase equilibria between host-inclusion pairs may be complicated (Zhang 1998) , the complexity may be avoided by considering only the formation T and P conditions using inclusion and host compositions at formation. The presence of two pyroxenes as separate inclusions in single pyrope host (Table 3) provides a rare opportunity to apply two-pyroxene thermobarometry to constrain the P-T of formation. It is assumed that the core composition of the two pyroxenes has not been altered after incorporation in pyrope. Unlike olivine, whose compositions vary with the grain size in a single pyrope (Hunter and Smith 1981; Smith and Wilson 1985 ; this study, Fig. 2a and Table 3 ), large pyroxenes may preserve their original compositions at their cores. This is demonstrated by the compositional similarities in the mineral cores among pyroxene inclusions with dierent size. Use of the two-pyroxene thermometer and Al-in-opx barometer formulated by Brey and Kohler (1990) yields 580°C and 16 kbar for sample GRPy-8, and 620°C and 18 kbar for sample GRPy-15. These pressures are somewhat lower than minimum pressures estimated from the Cr contents of pyrope ($20 kbar for GRPy-8 and $22 kbar for GRPy-15). The temperatures are about 200±300°C lower than those obtained in previous studies using earlier versions of pyroxene-garnet thermometer and Al-in-opx barometer Hunter and Smith 1981) .
The formation temperature can also be estimated from the Fe and Mg contents of olivine inclusion and pyrope host (O'Neill and Wood 1979) . The composition of olivine at time of formation is obtained by integrating the Fe-Mg pro®le in the pyrope host (i.e., Fig. 2b ), assuming the garnet composition was initially uniform. (Bell et al. 1995) For two olivine inclusions in sample GRPy-15, the reconstructed original Mg# is 93.5 for a large olivine inclusion (Ol-2; Mg# 94.0), with a nearly identical value (93.6) for a small inclusion (Ol-1; Mg# 95.1), con®rming the validity of this approach. Using the original olivine Mg#s and pyrope composition distant from the olivine, the olivine-garnet thermometer of O'Neill and Wood (1979) yields 620°C, consistent with the result using the two-pyroxene thermometer. If the present Mg#s of the olivine inclusions are used, the calculated temperatures would be 40 to 140°C lower than 620°C, depending on the inclusion size. Using the same approach, the formation temperature for a pyrope crystal (GRPy-37) with the highest Cr 2 O 3 content of $5.7% and containing an olivine inclusion with original Mg# 92.2 is 810°C at 30 kbar. In summary, the calculated formation temperature and pressure covary as expected: (1) 580°C at 16 kbar for GRPy-8 based on the two-pyroxene thermometer and Al-in-opx (coexisting with garnet) barometer; (2) 620°C at 18 kbar for GRPy-15 based on the two-pyroxene thermometer, Al-in-opx (coexisting with garnet) barometer, and Fe-Mg exchange thermometer between olivine and pyrope; (3) 810°C at 30 kbar for GRPy-37 based on Cr 2 O 3 in pyrope and Fe-Mg exchange thermometer between olivine and pyrope. Furthermore, the Cr 2 O 3 contents of pyrope hosts give the minimum formation pressures, which are close to the actual formation pressures as shown in cases where pressures can be obtained from the Al-in-opx barometer. Therefore, we estimate that pyrope crystals with dierent Cr content formed at dierent depths ranging from 50 km (where T » 600°C and P 15 kbar) to 95 km (where T » 800°C and P 30 kbar) along the local ancient geotherm (corresponding to a heat¯ow of 40±50 mW/ m 2 ; Chapman and Pollack 1977) . These garnets then subsequently experienced cooling in the mantle, as recorded by: (1) the Fe-Mg composition pro®le in pyrope next to olivine inclusions; (2) the relation between olivine size and Mg# (Fig. 2) . The cooling may change the inclusion pressure and produce stress around inclusions because of the dierence in thermal expansivity of pyrope host and inclusion minerals. The last equilibrium T and P cannot directly be estimated from host-inclusion assemblage (i.e., pyrope-olivine) since the eect of stress on phase equilibria is dicult to quantify (Zhang 1998) . The reported P-T values calculated from the compositions near the contacts for various pyropeinclusion pairs (Hunter and Smith 1981; Smith 1987; Smith and Barron 1991) should hence be treated with caution because the uncertainties in such calculations are dicult to assess. Nevertheless, a ®nal temperature of $100°C lower than the formation temperatures before diatreme eruption can be inferred from the mineral pairs in the same inclusions, such as coexisting olivinespinel and dolomite-magnesite (Smith 1987) .
Exsolution origin for preferentially oriented needle rutile inclusions?
Needle rutile inclusions in pyrope crystals have long been suggested to be of exsolution origin, mainly based on their regularly spaced and preferentially oriented texture similar to that of typical exsolution Hunter and Smith 1981; Smith 1987) . In the garnet crystals that we studied, there are two groups of needle inclusions, one consisting of needles with a diameter of $1 lm, and the other consisting of needles that are signi®cantly larger ($10 lm). The larger needle inclusions have complicated mineralogy, commonly containing three or more dierent minerals in one needle. These larger needle inclusions are probably not of exsolution origin. For example, the chemistry of crichtonite series minerals (i.e., containing Sr, Ba and LREE) in needle inclusions are dicult to explain by a simple exsolution origin for these inclusions, although they too have a preferentially oriented texture. These inclusions likely formed by epitaxial co-precipitation with their pyrope hosts. A similar origin for larger needle rutile inclusion is evidenced by the common coexistence and alignment of needle-or blade-like rutile with crichtonite series, srilankite, carmichaelite, carbonates and olivine (Figs. 1e, 3, 4) . Such occurrences can not be explained by the preferred nucleation of rutile in the stressed pyrope surrounding other inclusions. The preferred nucleation of rutile has not been observed in the pyrope host near silicate inclusions (texture I), around which the pyrope was certainly stressed during cooling, as evidenced by fractures and birefringent halos in host.
Our inference that the lattice preferred orientation (LPO) of Ti-rich oxides in pyrope does not have to be exsolution origin may have applications to other cases in which an exsolution mechanism is often invoked, such as LPO of rutile in eclogitic garnet (Haggerty 1991b) , LPO of rutile in pyrope, and ilmenite and chromite in olivine (Dobrzhinetskaya et al. 1996) . The clari®cation of this issue may also have important implications for the understanding HFSE depletion in island arc basalts. Further experimental investigations and studies on natural samples are needed.
Crichtonite series
In crustal ma®c and alkalic rocks, minerals of crichtonite series are commonly inferred to crystallize from late stage residual liquids or¯uids (e.g., Campbell and Kelly 1978; Lorand et al. 1987) , re¯ected by en- (Erlank and Rickard 1977; Jones et al. 1982; Jones 1989; Haggerty 1983 Haggerty , 1991a (Haggerty 1983 (Haggerty , 1991a , whereas crichtonite-loveringite-davidite series from our sample may crystallize at similar pressures, but at much lower temperatures.
Srilankite
Experimental investigations on the system ZrO 2 -TiO 2 have been carried out by McHale and Roth (1986) and Willgallis et al. (1987) . The phase ZrTi 2 O 6 was found as the stable crystalline compound occurring at 1 atm pressure and <1100°C, with a small range of Zr/Ti solid solution (McHale and Roth 1986). Willgallis et al. (1987) synthesized srilankite at 128±635°C and 0.15±3.0 kbar under hydrothermal conditions, and suggested that this mineral is to be regarded as of hydrothermal origin in nature. They inferred the presence of srilankite in run products from X-ray diraction lines. Their experimental data seem to suggest a possible wide range of Zr/Ti solid solution in srilankite, but it is dicult to assess the claim because they did not obtain compositional data for the run products by direct analysis and the identi®ed phases may be metastable due to slow crystallization of ordered srilankite. Our data indicate a very small range in Zr/Ti solid solution for srilankite coexisting with rutile (Table 6), consistent with the phase diagram of McHale and Roth (1986) , but inconsistent with other phase diagrams for ZrO 2 -TiO 2 at 1 atm (Levin and McMurdie 1975; Willgallis et al. 1987 ).
Presence of a¯uid/melt phase and genesis of inclusions and their pyrope hosts
The presence of a¯uid/melt phase during the formation of pyrope host crystals is directly shown by composite inclusions (texture III; Fig. 1g ), which probably crystallized from trapped¯uid/melt droplets (Smith 1987 . This¯uid/melt phase diers from metasomatic melt that is trapped as secondary inclusions in minerals in some mantle xenoliths (e.g., Schiano et al. , 1995 , and may be related to mantle melting induced by H 2 O and CO 2¯u id released from the subducting slab or other deep processes (e.g., Wyllie 1979 Wyllie , 1987 .
The enrichment of highly incompatible elements in the exotic Ti-rich oxides and the high volatile concentration in some minerals also strongly support a role of uid/melt phase and mantle metasomatism, as suggested for similar assemblages in veined peridotites and in kimberlite concentrates (e.g., Erlank and Rickard 1977; Jones et al. 1982; Haggerty 1983) . As the oxide and composite inclusions probably formed at the same time, the oxide inclusions may directly be related to the¯uid/ melt phase represented by composite inclusions. Alternatively, the oxides and composite inclusions may all be related to a parental¯uid/melt phase (Smith 1987) . The parental¯uid/melt phase is thus originally enriched in volatiles (mainly CO 2 , H 2 O and Cl) and incompatible elements (HFSE, LILE and REE) as typically suggested for mantle metasomatism.
The presence of a¯uid/melt phase and the relationship between most inclusions and this phase constrain the genesis of host pyrope crystals. We conclude that most pyrope crystals, if not all, crystallized in the presence of the¯uid/melt phase. Afterwards, garnet crystals experienced a prolonged cooling history, leading to Fe-Mg interdiusion pro®les in garnet around olivine and other inclusions. The presence of some secondary inclusions (i.e., amphibole-diopside-chromitechlorite barite assemblage; Fig. 6c, d ) indicates a later metasomatic event, which may but does not have to be related to the eruption of the ultrama®c diatremes or minettes, commonly found in the same area (Roden 1981) .
Metasomatism: decoupling of major and trace elements and HFSE depletion There are two profound consequences of mantle metasomatism as observed in this study. One is related to the decoupling of major and trace elements, and the other is related to HFSE depletion. As a result of metasomatism, the depleted mantle region (with olivine Mg# > 93) where the pyrope crystals reside beneath the Colorado Plateau is enriched in incompatible minor and trace elements (i.e., high Na + K in composite inclusions; the formation of crichtonite series and Ti-rich oxides). Therefore, the mantle region sampled by the garnet crystals provides an example of decoupling of major and trace elements, which has been invoked before to explain basalt chemistry (the classic model of Klein and Langmuir, 1987 , can account for major element chemistry of MORB, but not their trace element chemistry). Such decoupling can be accomplished by ®rst the depletion of mantle sources in both major and incompatible trace elements through extraction of melts, and then the enrichment of trace elements by mantle metasomatism.
The abundance of oxide inclusions in pyrope indicates that the oxide phases can crystallize from the¯uid/ melt phase under certain conditions during mantle metasomatism, even though the exact conditions for their deposition is unknown. Many authors also reported the occurrence of Ti-rich oxide minerals or MORID (phlogopite-orthopyroxene-rutile-ilmenite diopside) veins in mantle xenoliths (e.g., Erlank and Rickard 1977; Jones et al. 1982; Zhao et al. 1998) . The precipitation of Ti-rich minerals (rutile, crichtonites and ilmenite) leads to the depletion of the HFSE from thē uid/melt phase. If the residual¯uid/melt is subsequently involved in magmatism and contributes a signi®cant amount of other incompatible elements to magmas, there would be an HFSE depletion signal, a common feature for island arc basalts (IAB). Although the¯uid/melt composition may be dierent in island arc settings, processes similar to those discussed in this work may lead to HFSE depletion in IAB. Hence, understanding the conditions for the formation of oxide phases from a¯uid-rich melt, instead of partitioning between a¯uid and a melt phase (Keppler 1996) , or oxide precipitation from an almost anhydrous melt phase (Ryerson and Watson 1987) , may be critical to the understanding HFSE depletion in IAB.
